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SUMMARY 

N e t  thrust ,   fuel  flow, and related performance indices w e r e  calcu- 
la te  o r  hydrogen-rich operation of nacelle-type and submerged ramjet 
engines at Mach nunhers frm 5 t o  2'0. Eydrogen-air ratios considered 
were high enough t o  limit the conibustor temgeratm t o  a maximum of 
200O0 K. This propulsion method c m  produce mel specific impulses con- 
siderably greater than those of rockets if Impulses me averaged Over 
the above range of flight speeds. 

Some trends of the effect of cmditfons an performance 
were determined; however, no aptimums  were defined, since the  report is 
of a preliminary nature. For this reason, problems such as high hydrogen 
flaw rates, use of this low-density  cryogenic fluid,  large  exbust-nozzle 
m e a s ,  asd vehicle  structure and desi- were not treated. 

~ O D U C T I O M  

The application of unique combustion cycles might result  in air- 
breath-  engines that can propel  vehicles  to very high flight speeds , 
speeds currently obtained only w i t h  rocket  engines. In this report a 
modified ramjet cycle has been analyzed t o  determine its sui tabi l i ty  f o r  
acceleration frcan a Mach n&r of 5 t o  20. The pasticular  cycle dis- 
cussed combines diffusim by a normal shock at  the in le t  and addition 
of hydrogen at many times the s toichimetr ic   ra te  in the combustor. The 
hope is that the high impulse of ramgets at mpderate f l i & t  speeds can 
be sustained Over the entire speed range. 

The cycle  selected is intended t o  overcome three main obstacles t o  
successful use of a ramjet over a range of very high speeds. 

The first  of these problems is matching inlet and exhaust geanetries. 
Conventionally, large  vmiations in inlet and exhaust meas and area ra- 
t ios  are required t o  cover wide variations in speed. The matching prob- 
lem is m e t  in this study by selecting a normal-shock inlet diffuser for  
use ~ the Mach 5 t o  20 range. This f ixed-ge-try inlet stays on design 
if the proper back pressure is supplied.  Addition of hydrogen t o  the 
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high-temperature dissociated gas in the c d m t o r  t o  provide this back 
pressure was explored. A t  Mach  numbers greater  than 5, the normal-shock 
diffuser  prmldes workable pressure ratios (diffuser  pressure t o  ambient 
pressure). Also, the normal-shock diffuser may be suitable f o r  use i n  
high-speed aircraft  l i k e  the  corlfiguratian  described in  reference 1. 
These afrcraf't have a large  base  area that permits  incorporating  the en- 
gine in the  fuselage. In th i s  case the large cowl drags nonually asso- 
ciated  with normal-shock inlets  can be absorbed by the  fuselage. 

The second problem ia the  effect. of hi@ stagnation  energies 011 
structure, and the th i rd  problem is the effect of dissociation on thrust .  . 
The kinetic energy of the  inccmhg a i r  is about 9000 Btu per pound a t  a 
Mach n&er of 20. If th is  energy were reflected in temperature (ideal 
gas, r a t i o  of specific heats = 1.4), the stagnstian temgerature would be 
appraximately 40,000° F. A t  a Mach number af 20 a r ea l  gas  dissociatee 
long before  temperatures of 40, W O O  F are reached. The  new species ab- 
sorb some- & the  inlet  energy their formation. The lower temperature 
thus resulting cannot be relied upon to alleviate  heat-transfer and struc- 
tural problems, since much of the  dissociated gas can  reccnribine  and re- 
lease energy on or near  the engine  surfaces. Even more energetic  gases 
exist in the  canbustor, where the enthalpy of the fuel has been added t o  
the system. The problems i n  buading an engine structure t o  contain the 
high-energy gas stream m e  obviously severe. If .the dissociated gases 
do not recombine before  or  during  the expansion process, the energy that 
produced the  dissociation is  not available for thrust. 

- 

Addition of hydrogen in quantities many times stoichicnetric lawere 
temperatures t o  the  point where simple  engine structures can be used. 
The resulting low teItrperatures also r e c d i n e  the dissocibted air and 
canbustion  products. Although very higk..hydrogen flows are  required to 
produce low ccanbueticm temperatures a t  the very high flight speeds under 
discussion  here,  these  large hydrogen fl? ,play also be  required to coal 
the  aircraft  structure  externally. In fact ,  the hydrogen taperatures  
selected  for this analysis axe based on the idea that hydrogen w i l l  be 
used f o r  cooling  prior t o  its use in the engine. 

. . . 

The analysis  presented Fn this report should be  cansidered  explor- 
atory. Primarw, the analysis a t t€q t s  t o  describe  the  cycle and t o  
d e t e r n e  the  parameters that have the  greates-t  effect on er@.ne per- 
formance. The analysis m s  thus limited t o  a few selected  cases. A 
flight  path  selected t o  give a combustor pressure of 2 atmospherecj. 
For th i s  flight path the free-stream dynamic pressure is  nearly constant 
at 1.08 atmospheres. Hydrogen (fuel) temperatures of 150°, 50O0, and 
850° K were used. Cdustor-exi t  temperatures of 1200°, 160O0, and 
200O0 K were assigned. Fuel specific  j~opilse,  thrust  coefficient, and 
exhaust-nozzle  areas were  cconputed fo r  complete expansian of exhaust 
gases. A single cme of partial expansicm was a l s o  treated. The results 
are presented  for two methods of installing engines an an aircraft: (1) 
a submerged engine and (2) a nacelle engine; the results  differ c X W  in  
the assignment of external bcdy f OrCeS . 
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SYMEiOIS 

3 

* A area per unit of weight-flaw rate of air 

CF net thrust coefficient 

Fn net thrust per  unit weight-flow rate of air  

f fuel-air rat io  

g gravitat  imal  constant 

enthalpy'per mole at temperature T and pressure of 1 aim 

I fuel specific impulse, net thrust per unit of weight-flow rate'of 
fue l  ." 

3 constant  for  canversion of work units to heat units 

M Mach  number 

I m exbwst-nozele-exit  stream mcm=ntum per unit of weight-flow rate 
of a i r ,  (1 + f >Ve/g 

" P static  pressure 

9 dynamic pressure 

R universal gas constant 

s!? entropy  per mole at temperature T and pressure of 1 a t m  
- . . . . . . - - - - . - - 

L 

T s t a t i c  temperature 

V velocity 

W weight f low 

b Y ra t io  of specific heats 

cp equivalence ratio  (actual fuel-air r a t io  divided by stoichimetric 
fuel-air r a t i o )  

Subscripts: 

A a a i r  

C 
J 

c d u s t o r  conditions (zero vdoci ty)  
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fuel . -  
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ANALYSIS 

The modified ramjet cycle fs based-an  the  use of hydrogen at fuel- 
air ratios in excess of stoichiometric so  that cmbustian  temperature 
does not exceed 2000' K. SFnce high hydrogen flaws are involved at Mach 
nmibers of 15 t o  20 (approximately), it is of interest  to  consider what 
kFnd of thrusts may be  expected from mass addition  alone.  Restricting 
this  consideration t o  the high Mach number case. and neglecting hea-traddi- 
tion,  the energy equatian  reduces t o  

wavg = (wa + 'Kf )vE 
where wa and wf are weight flows of air and fuel, Vo is flight ve- 
locity, and Ve is exit velocity of the  jet. The variais M e t  and aut- 
let enthalpy terms have  been neglected because at. high fl ight  velocit ies 
V 3 2 g  is much greater than the static enthalpies. Frcan the preceding . .  

expression, Ve = d& VO, where f is wf/wa; but, for conplete ex- 
pansfan, net thrust 

Fn Ve VO - =  ( l + f ) - - -  
W a t 3 g  

. 
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The efficiency of this form of thrust 'production can be evaluated fram 
fuel  specific inq?ulse. Fuel  specific impulse I can be found fram 

In the limit as the  fuel-air   ratio goes t o  zero the quantity in paren- 
theses approaches 1/2. The quantity is relatively  insensitive  to fuel& 
air ratio.  For example, at f = 1 the value is 0.414. 

Over a reasamble range of fuel-air  ratios, the "fuel-rich" ramjet 
cycle may be approxFmated by I = V0/2g. The appraximtian is crude, 
but it does indicate that interesting  values of impulse may be attained 
at high  velocities through simple mass addition. 

The relations on thrust from mss addition given axe not meat t o  
-imply that the proposed cycle is based an mass addi t im d o n e .  At low 
Mach  numbers the cycle is similar t o  a conventional ramjet cycle where 
m o s t  of the prcrpulsive energy canes from burning the fuel. A t  these low 
Mach  numbers cmly sufficient hydrogen is used to cope with the high- 
temperature dissociation and structure problem. A t  l m  Mach numbers, 
this cycle is similar t o  that discussed in  reference 2. However, as 
flight speed is increased mass addition  starts t o  cmtrfbute more t o  thrust. 
A t  a l l  Mach numbers considered  herein, energy added in the form of heat of 
canbustion, and fuel enthalpy are important  contributors to   th rus t .  

In  t h e   i n i t i a l  review of materiels for  use i n  this cycle, hydrogen 
appeared t o  be the most p r d s l n g .  This selection w a s  based upon heat 
of c d u s t i o n ,  heat capacity, and stable structure of hydrogen at high 
temperatures. 

Flight C o s d i t  ions 

The flight path was selected t o  yield a conibustor pressure of 2 
atmospheres with a nomal"shock inlet; calculations were made for flight 
Mach  numbers  of 5, 10, 15, and 20. AtKbient static conditions f o r  these 
points,  taken from reference 3, are 88 f o l lom : 

Flight 
Mach 

Ambient 

pressure, number 
s t a t i c  

a t m  

5 

.00388 20 

.00689 15 

.01548 10 
0.06124 

Ambient 
s t a t i c  

, temperature, 
Drr 

I 211 
229 

257 
I 242 

Appraximate 

ft 
altitude, 

63,500 
93, ooo 

I m,OOo 
125, OOO 

Dynamic 
pres sure, 

a t m  
~~~ ~ ~ 

1.072 
1.082 
1.085 
1.087 
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a 
Thermodynamic Data 

Hydrogen gas (fuel} temperatures of 150°, 50O0, and 850° K were Y 

chosen. Results were computed for cmplete expansion of exhaust gasee 
from a cambustor-exit pressure of 2 atmospheres asd temgeraturea of 
20Oo0, 160O0, and 1200° K. The .Wfmum cmibustor  temperature of 2O0O0 K 
avoids the dissociatbn region and temgerature  conditions that produce 
severe structural  problems. The lower temperatees of 1200° and 160O0 K 
were introduced t o  give trends of performance w i t h  cambustor temperature. 
The combustian products were assumed t o  be nitrogen, mter, and hydrogen; 
this simplif Fed calculations and caused an error of less than 1 percent 
in  t o t a l  enthalpy (ref. 2 ) .  Air was assigned the ccgnposition of 3.773 
moles of nitrogen  per mole  of oxygen: Thermodynamic data for  the molec- 
~r species were obtained frcgn reference 4. 

Calculat i 013 Methods 

FlightMach number and hydrogen asd conibustor-exit temperatures were 
select-. The following expression w a ~  then used t o  c m p t e  the equiva- 
lence r a t i o  giving equal t o t a l  energies for  reactants and products: 

Isentrapic,  frozen-canposition expansion of combustion products w88 
assumed, and the exhaust-nozzle-exit temperature was determined f‘rcan the 
entropy  relation, 

AS: = b . 7 7 3  + 2 ( 9  - 1) R In 5 3 PC 

The enthalpy change for expansim was calculated from 

The exhaust-nozzle-exit stream momentum and area were then computed: 

ve m = (1 + 0.0293~) - 
g 

2J(-%) 
= (I + 0.0293cp) [3.773(28.016) + 2(18,016) + 2((P - 1)(2.0=)] 

T 
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(I + 0.0293~p}~ RTec5.773 + 2((p - 1>J 

gpe{3.773(28.016) + Z(18.016) + 2((p - l ) ( Z . O l 6 ) ]  

For complete expansian of conbustion  products, the exhaust-nozzle 
pressure r a t io  pe/pc was assumed equal to   the  ambient static  pressure 
divided by the  total  pressure behfnd a n o m  shock at the flight Mach 
nuniber with y = 1.4 (ref. 5). Normal-shock pressure  ratios obtaFned Fn 
th i s  manner are nearly  equal t o  those computed using real-gas  equilibrium 
values (ref. 6)  far Mach numbers of 5 and 10. For Mach 20, the  pressure 
rat io   for  y = 1.4 is less than 10 percent  higher than the value calcu- 
lated by use of reference 6. When exhaust-nozzle-throat  canditions were 
computed,  pe/pc = 1/2 was used. 

Ae 

N e t  thrusts were calculated in the  following manner: 

(1) For the nacelle-type  ramjet  Installation,  the usual net thrust 
expression was used: 

. which, with complete expansion , reduces t o  

Y 

(2)  For the submerged ramjet , it ua8 assumed that all of the engFne 
except the diffuser-inlet area is covered with  existing wFng and b e  
structure. Therefore, -PO(& - Ao) was assigned t o  the airframe drag, 
and the  net-thrust  equation became 

N e t  thrust w-as divided by the  fuel-air   ratfo t o  yield fuel specific 
impulse, similar t o   t he  rocket performance index: 

Fn 
0.0293g I =  
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Thrust coefficients were  computed f o r  ramjet  conparison6 as follows: 

Figure 1 describes  the flight path for the submerged and nacelle- 
type  ramjets. These ..engines were assumed t o  have normal-shock inlets. 
The solid lines show variations of ambient .s%atic. and free-stream dynamic 
pressure  with  flight Mach number for a canbustor  pressure o f  2 atmospheres. 
Relatians f o r  a 0.2-atmosphere cmibustor pressure  are given by the dashed 
lines. The values for hypersonic glide vehicles fill probably fall be- 
tween these two limits. 

In  these  analyses, the conibustor pressure of 2 atmospheres (dynamic 
pressure of about 1.08 atm) was used. However, the  results apply  approxi- 
mately to   f l i gh t  paths  with other dynanic pressures. If an isothenaal 
atmosphere were  assumed, the  results would transfer  exactly; flight Mach 
number alone would determizle the  free-stream total mer= and the  exhaust- 
nozzle  pressure ra t  i o  f o r  ccarrplete  expans ion. 

- 

Hydrogen-rich e uivalence ratios required t o  ob- conjbustor-exit 
.L 

temperatures of 1200 8 , 160O0, and 2000° K at flight Mach  numbers frun 5 
t o  20 are plotted i n  figure 2 .  

Figure 3 shows relatian8  for  fuel  specific impulse, combustor-exit 
tenp=rature, and flight Mach number. Results are given for both the 
submerged and nacelle-type  ramjets  with hydrogen temgeratures of 150°, 
SKI0, and 850° K. The bpulse for the nacelle-t;ype  ramjet is 
(po/O.O293T) (Ae - %) lese  than  the value for  the submerged ramjet, Since 
external pressure forces are Fncluded for the nacelle ramjet. Codoustor- 
exit temperature cmtrols  the impulse at Mach numbers from 5 t o  about 7 .  
For example, near Mach 6 for a gtven ramjet and a particular conibustor- 
exit temgerature, the curves f o r  various  fuel temperatures approach a 
ccgnmon value, and impulse Increases with Fncreasing  cumbustor-exit tem- 
perature  (decreasing  equivalence  ratio). The approxjmate impulses for  
these p o u t s  are as follows: 

C c s . t i b u s t a r - e x i t  Approximate mulee a t  Mach 6, 
temperature, lb net  thrust 

OK 

urn 

900 . 1050 2000 
700 800 1600 
540 600 - Y 
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h 
Between Mach numbers of 15 and 20, hydrogen temperature  exerts the 

d 
principal  influence on The effect of c d u s t o r - e x i t  temperature 
is present,  but is secondary: 

I tempFt-' I l b  net thrust 
lb fuel/sec 

Sdmerged  Nacelle-type 

500 410 385 
850 490  470 

Thm, in the high f l ight  Mach number range, inqlulse increases with 
increasing hydrogen taqerature .  Also, all trends  indicate that higher 
impulses will occur a t  lower equivalence ratios.  The lower equivalence 
ratios were not considered,  because of the arbitrezy maximum ccmibustor 
teqerature  assigned Fn t h i s  analysis. In actual  practice,  both  the fuel 
t eqera ture  and t he   cdus t ion   t age ra tu re  w i l l  depend at the  fuel flow, 
because the fuel will be used t o  absorb the aeroaynamic heating load. 
Thus, as the fuel  flow is decreased, the fuel and cmibustor temperatures 
will increase, and higher impulse values will result .  The attempt t o  se- 
lect  an optimum is beyond the scape of this repod, since such a.n attempt 

tion problem. A system analysis may w e l l  indicate  the  desirability of 
reducing the equivalence ra t io  and hence raising the  arbitrary maximum 
cabbust ion temperature. 

b Involves  a total aircraf t  system analysis and a  study of the recmibina- 

Fuel-rich  addition of 150°, 50O0, and E O o  K hydrogen t o  both sub- 
merged and nacelle-type  ramjets gave the variatiass of thrust  coefficient 
w i t h  f l igh t  Mach  number and combustor-exit  temperature shown in figure 4. 
Thrust coefficients for the  nacelle-type m e t  differ f'rcmn those of the 
submerged ramjet, because the  net thrust is lmer by the external force 
po(Ae - k )  assigned  the  nacelle-type rwet. A true catparism of the 
coefficients of thrust and t he i r  interrelatian w i t h  the  aircraft  requires 
a ccmplete  system analysis. 

For a  given flight Mach  number and ramjet type', thrust coefficient 
increases  with decreasing c&ustor-exit  teqperature  (increasfng  equiva- 
lence  ratio) and increasing hydrogen tezqperature . Curves for  the 
thrust  coefficient have minimums between flight Mach nurnbers of 10 and 
13. 

Figure 5 shows d u e s  of nozzle-throat area and nozzle-exit  area 
L each divided by the  free-stresm  (diffuser-Wet ) area as f m c t i m s  of 

cmibustor-exit t aqera ture  and flight Mach n-er f o r  hydrogen t q e r a -  
tures of E O o ,  50O0, and 850° K. The results  apply t o  bath the submerged 

J 
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and nacelle-type  ramjets. In general, for a given flight Mach number, 
exhaust-nozzle  areas  increase with decreasing  canbustor-exit  temperature 
(increasing  equivalence rat io)  and increasing hydrogen temgerature. M i n -  \r 

hums f o r  the r a t i o  of nozzle-throat area t o  dtffuser-inlet  area  occw 
between Mach numbers of 10 and 13. 

It appears that the r a t i o  of exhaust-nozzle-throat Etrea t o  Wfuser- 
inlet area  for h@mgen-rich hypersonfc ramjet operation would be less 
than 1.0. This r a t io  is consistent with current designs. 

As discussed in  the INTRODU&TI~,  it is highly  desirable t o  be able 
t o  use  a fixed-gecnnetry ramjet engine. But a conventional ramjet, qer-  
ating Over a range of Mach nmibers, is hampered by the  large chmges In 
ra t io  of i n l e t   t o  exhaust-nozzle-throat area required t o  lseep the engine 
aperating on design. The consequence of misrn&c&ed wet. a d  exit  areas 
is a loss i n  thrust either through losses in  pressure r a t i o  or loss i n  
mass flow. The f la t  curves for the ratio of nozzle-throat t o  inlet area 
shown i n  figure 5 ind.icate that fixed-geometry systems msy be practical 
for the hydrogen-rich m e t .  Also, 9m.e adjustments t o  the area r a t io  
can be achieved through variations in  fuel flow. In order t o   d e t e m h e  
whether matching of i n l e t   t o  exhaust through fuel dilution is fessible, 
the  dfffmer  losses must be weighed against changes in  f i e 1  impulse and . 
thrust. Only a c q l e t e  missim analysiq can establish this feasibil i ty.  

The complete-ension engine requires  very  large  exit t o  inlet area 
r a t io s   a t  high flight speeds, a a  shown in  figure 5. If the hydrogen-rich 
ramjet  engine is t o  be used along ag acceleration  zath,  the  variation in 
exit  area of figure 5 is not- practical. Also, in  general it does not pay 
t o  expand the gases in je-tengines  ccmrpletely, since losseB from ext-1 
pressure  forces and exhaust-nozzle weight more than  offset  the smal l  in- 
cremental  gains in jet thrust. 

Y 

The effects of inccmplete  expansion. are shown i n  the following  table 
for  the submerged ramjet u s i n g  500° K hydrogen t o  yield 2000° K c d u s -  
t i aa  products, The values for complete expansion of exhaust gases are 
taken frm figures 2 t o  5. I n  the second part of the  table, approximate 
calculated  results are presented for expansion through an exhauet  nozzle 
with an exi t  area 5.times  greater  than  the  diffuser-inlet  area. The 
selection osthe area  ratio is only an arbitrary extmple of the  effect 
of incomplete expansion and does no-b a t t w t  t o  reflect  a "best  design. 'I 
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C q l e t e  expansim of 2O0O0 K cufbustar-exit gases 

5 

1.23 43.8 26.6 1.02 32.6 20 
.98 433 17.1 .97 18.4 15 
1.02 585 10.2 .99 9.2 10 
2.05 1320 6 1.39 3.8 

Expansim of 2oOo0 K cdnmtor-exit  gases through nozzle wLth exit axes 5 times 
dif€'uaer-inlet m a  

5 3.8 1.39 5 1275 1.98 
10 9.2 

.89 303 5 1.02 32.6 20 

.79 350 5 .97 18.4 15 

.69 509 5 .99 

The ra t io  of exhaust-nozzle-exit to diffuser-inlet area for incan- 
plete expansion was 83 percent of that required for complete expansion 
at a Mach n M e r  of 5 and only 19 percent that of cmplete expansion at 
a Mach nmber of 20. P a r t i a l  expansion reduced the net thrust to 96.5 
and 72.5 percent of that  f o r  c q l e t e  expansion at  Mach nmibers of 5 and 
20, respectively. This reduction in net thrust produced correspmding 
losses in thrust  coefficient and irrrpulse. 

The values of fuel  specific impulse for both ccanplete and partial 
expansLon are much higher than  the bnpiLse of chemically fueled rockets 
based on the average brpu-lse fo r  an acceleration  path from a low t o  a 
high Mach nmiber. The  ccPlrparisons should be considered  prelimjnary, 
since it has not been ascertained whether sufficient heat is available 
from the  aircraft  t o  produce fuel temperatures in tbe E O 0  t o  850° K 
range. As discussed  previously,  fuel  temperature has a strong influence 
011 Lmpulse at Mach n-ers greater  than 15. Also, the  dilution of the 
energetic  stream was assumed t o  occur in such a abegner that no dissociated 
prducts  remained. Whether this can be easily accomplished OT not is 
largely in the opinion stage. 

In support aP the  favorable c q a r i s m ,  it should be noted that con- 
servative values for diffuser  pressure recovery and low conibustion tem- 
peratures were  used.. 

Frm a p a c t   i c a l  viewpoint, a major  prdblem of any hydrogen-fueled 
j e t  engine is the handling of the law-density, low-temperature fluid.  
The specific  gravity of liquid hydrogen is about 0.071; theref  ore, large 
tanks and associated gear me required. The fuel-rich ramjet and sup- 
porting e q u i p n t  must be comgared with more conventional systems such 
as  rockets  before their t rue merit is established. 
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- 
This preliminary analysis of bydroge&rich ramjet operation Fndl- 5 

cates  that fuel specific impulses equal t o  or better than those of rock- 
ets can be attalned. The high impulses are particularly gratify-ing in - 
view of the low ccanbustor temperatures employed and simple normal-shock 
diffuser  selected. 

" 

The coefficients of thrust, the ratios of Met  t o  exhaust-nozzle- 
throat area, the type of diffuser used, md the very high average Inpulses 
show that   th is  system could  possibly be applied t o  a flight path  involv- 
ing acceleration from low t o  high flight speeds. 

Factors such aa the bfluence of high hydrogen flow rates an fuel 
temperatures and handla problems must be assessed before  the  feasibil- 
i t y  of the hydrogen-rich ramjet system is established. 

Lewis Fllght Propulsim Laboratory 
National Advisory Comnittee for Aeronaut lcs 

Cleveland, Ohio, October 18, 1957 . .  - 
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Figure 1. - Variations of ambient static and dynamic pressures 
with  Mach number for aasumed flight path. 
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( a )  Hydrogen temperature, 1500 K. 

Figure 9 .  - RelatiQn Qf.lmpulse, combustor-exit temperature, and f l ight  Mach nurn- 
ber for hydrogen-rich operation of eubmerged-and nacelle  ramjeta. 
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(b) Hydrogen temperature, 500° K. 

Figure 3 .  - Continued. Relation of impulse, combuetor-exit temperature, and flight 
Mach number f o r  hyckogen-rich operation of submerged and naael le  ramJeta. 
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F i g u r e  4. - Variations of thruet  coefficient v l t h  combustor-exit  temperature and flight Mach number 
for hyeogen-rich operation of submerged 8na nacelle sets. 
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(b) -pen  tamperature, 5000 K. 

Figure 4. - Continued. VariatLona of thrust coefficient  with combustor-exit temperature and 
f l igh t  Mach number far hydrogen-rich operatioa of submerged aud nacelle ramjets. 
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(c) Hydrogen temperature, 850° IC. 
Figure 4 .  - Concluded.  Variations of thrust ooefflcient  wlth  combustor-exit tem- 
perature and flight Ua$h number f o r  hydrogen-rich  operation of submerged and 
nacelle  ramjets. 
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(b) Hydrogen temperature, K. 

w e  5. - Con€lnued. Variations of ratios of exhaust-nozzle-exit and -throat areas to free- 
stream  (diffuser-iulet) area w i t h  combustorexit temperatun and flight Mach m e r  for 
hydrogen-rich ramjet ogqration. 
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Figure-5. - Concluded. Var la t io r r s  of ratio0 of exhaust-mrle-exit  and -throat m e a n  to free- 

hydrogen-rich r a m j e t  operation. 
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